ABSTRACT This study examined how variability in Neotyphodium endophyteÐ grass associations inßuences black cutworm Agrotis ipsilon Hufnagel performance and susceptibility to the entomopathogenic nematode Steinernema carpocapsae (Weiser). Second-instar cutworm larvae were conÞned to greenhouse pots containing four different tall fescue Schedonorus phoenix (Scop.) Holub cultivars. After 1 wk, larvae were recovered from the pots, weighed, and individually exposed to 20 infective juvenile nematodes. Nematode-induced mortality was monitored for 72 h after exposure. Endophyte infection levels and ergot alkaloid concentrations varied between tall fescue cultivars, but endophyte infection level was not a signiÞcant predictor of ergot alkaloid concentrations in aboveground plant tissue. Larval survival also varied between cultivars, but neither endophyte infection level nor ergot alkaloid concentration was a signiÞcant covariate. Larval susceptibility to the entomopathogenic nematode varied between cultivars at 48 and 72 h after exposure. In all but one cultivar (Plantation), cumulative mortality at 72 h decreased signiÞcantly as ergot alkaloid concentrations increased. Neither larval biomass nor endophyte infection levels in tall fescue were signiÞcant predictors of larval susceptibility to the nematode. Results show that variation in endophyteÐplant associations can inßuence black cutworm performance and susceptibility to entomopathogenic nematodes and that susceptibility to the nematode H. bacteriophora may be partially tied to ergot alkaloid levels in the insectsÕ food. Findings further support the assertion that black cutworm may use certain endophyte-mediated toxins, particularly ergot alkaloids, as a form of acquired chemical defense against nematode-induced septicaemia.
Neotyphodium fungal endophytes are vertically transmitted, seed-borne, endosymbionts of many cool-season (C3) grasses. Inter-relationships between these fungi and their grass hosts are often mutualistic; whereas the fungus beneÞts from access to plant nutrients, the plant beneÞts from a number of ecological advantages including enhanced stress tolerance (Hesse et al. 2003 ) and resistance to above-ground herbivory (Schardl et al. 2004) . The basis for endophyte-mediated anti-herbivore defense lies in the synthesis of a series of defensive alkaloids, the types and concentrations of which are determined by a combination of environmental conditions and plant and endophyte genetic factors (Roylance et al. 1994) . Several of the alkaloids associated with endophyte infected plants are capable of deterring insect feeding or reducing insect performance (Breen 1994 , Bacon et al. 1997 , Braman et al. 2002 . Not surprisingly, a number of studies indicate that endophyte-mediated plant defenses can also inßuence interactions between insect herbivores and their natural enemies (Bultman et al. 1997 , Grewal et al. 1995 , Richmond 2007 , Goldson et al. 2000 , which may have effects at the population (de Sassi et al. 2006) or community (Omacini et al. 2000) level. However, the genetic variability of endophyteÐplant associations has only recently been examined with regard to its potential inßuence on insectÐnatural enemy interactions , Krauss et al. 2007 . From a mechanistic viewpoint variation in plant genetic background, endophyte infection frequency within a plant population, or alkaloid proÞles associated with different endophyte haplotype ϫ plant genotype combinations, could result in differential effects on herbivores and their natural enemies. Inherent differences between cultivars of endophyte infected grass may encompass all of these potential sources of variation.
The types and concentrations of alkaloids present in endophyte infected plants are likely important determinants of how insects respond to endophyte-mediated defenses. Some alkaloids are known feeding deterrents capable of eliciting strong behavioral responses from insects , Tanaka et al. 2005 . Behavioral responses that increase movement are inherently risky for herbivores (den Boer 1971 , Martson et al. 1978 , Bergelson and Lawton 1988 , Montllor and Bernays 1993 because they increase the likelihood of encountering, or being noticed by natural enemies. Therefore, endophyte-mediated alkaloids may alter the dynamics of herbivoreÐnatural enemy interactions by inßuencing foraging, feeding, or defensive behaviors. In contrast, however, some alkaloids do not induce notable changes in herbivore behavior (Lane et al. 2000, Popay and Bonos 2005 ) and a great deal of variation in the level of behavioral response to endophyte-mediated alkaloids has been documented, even among closely related insects (Richmond 2007) . In such cases, the physiological activity, and fate of these alkaloids inside the herbivore may be an important consideration from the perspective of predators, parasites, and pathogens that may come into contact with alkaloids in the tissues or ßuids of their herbivorous hosts/prey (Faeth and Bultman 2002) . Although concentrations of alkaloids present in infected plants may vary with tissue identity (Siegel and Bush 1996 , Ball et al. 1997 , Lane et al. 2000 , temperature (Breen 1992) , soil fertility (Belesky et al. 1988 , Arechavaleta et al. 1992 , soil moisture (Bultman and Bell 2003) , and season (Belesky et al. 1987 , Ball et al. 1995 , overall alkaloid titers are strongly linked with plant genotype (Rowan and Latch 1994 , Roylance et al. 1994 , Hiatt and Hill 1997 . The particular types or classes of alkaloids produced by endophyte-infected plants are mainly a function of fungal strain or haplotype (Popay and Bonos 2005) . Therefore, plant accessions with different genetic backgrounds or endophyte strains often exhibit different levels of resistance to herbivory (Jensen and Popay 2004 , Ball et al. 2006 , Popay and Gerard 2007 .
Tall fescue Schedonorus phoenix (Scop.) Holub is one of the most widely distributed endophyte infected grasses worldwide (Saikkonen 2000) . Although plant and endophyte diversity in this agronomically important grass is likely limited in comparison to wild endophyteÐ host associations (Faeth and Saikkonen 2007) , the large number of named tall fescue cultivars constitutes a relatively diverse assortment of plant genotype ϫ endophyte haplotype combinations that may vary widely in expression of endophyte-mediated defenses. Because of the wide geographic range of tall fescue (Saikkonen 2000) and the potentially transformative effects Neotyphodium endophytes may have on ecosystems (Rudgers and Clay 2007) , understanding how variability in the endophyteÐtall fescue relationship shapes higher level trophic interactions may be important for ecosystem management and conservation.
The black cutworm Agrotis ipsilon Hufnagel is a lepidopteran insect commonly found in association with grasses (Vittum et al. 1999 ) and other cultivated crops (Rings et al. 1975) . Studies investigating the ability of endophyte-mediated resistance to protect grasses from black cutworm herbivory have shown little if any inßuence on larval performance when feeding on endophyte infected host plants (Williamson and Potter 1997) . However, Kunkel and Grewal (2003) showed that black cutworms feeding on endophyte-infected perennial ryegrass, Lolium perenne L. were less susceptible to the entomopathogenic nematode Steinernema carpocapsae (Weiser) and proposed that the accumulation of endophyte-mediated ergot alkaloids within the tissues of some graminivorous insects may slow the onset of lethal, nematodevectored, bacterial septicemia. To date, however, no studies have examined how variation in endophyteÐ plant associations might inßuence interactions between black cutworm and its natural enemies.
The goal of this study was to examine how variation in NeotyphodiumÐ host associations inßuences black cutworm performance and susceptibility to the entomopathogenic nematode S. carpocapsae. The role of endophyte infection level and ergot alkaloid expression within tall fescue cultivars was also assessed with the hypothesis that variation in insect performance and susceptibility to nematode infection could be related to either or both of these characteristics. Findings should show the potential for genetic variability in endophyteÐ host associations to inßuence interactions between herbivores and their natural enemies while partially accounting for inherent differences in endophyte infection level and alkaloid production between cultivars. (Fine-silty, mixed, mesic Aeric Ochraqualfs) and was occupied for 4 yr by a previous NTEP tall fescue cultivar evaluation that was concluded during September 2000. Before establishing the tall fescue trial from which plant and soil plugs for this study were taken, all vegetation was removed from the site using two sequential applications of Round-up brand glyphoste herbicide applied at 2-wk intervals (late July and mid-August 2001) at a rate of 7.0 liters/ha. Soil was scariÞed in two directions to a depth of 1 cm using a power rake with a knife spacing of 5 cm on center. Plots (1.0 by 1.0 m) were arranged in a randomized complete block design with four replicates and were seeded (5 September 2001) at a rate of 254.1 kg/ha using a single seed lot of each cultivar. Plots were covered with a germination blanket to prevent washing of seed and mixing of cultivars, and the germination blanket was removed 2 wk after seeding. Seeds for each cultivar were received directly from the NTEP and were held inside at room temperature for Յ1 mo before seeding.
Materials and Methods

Plant
August 2009 RICHMOND AND BIGELOW: ENDOPHYTES, CUTWORMS, AND NEMATODES
All four cultivars selected for this study are commercially available and widely planted in lawns, parks, athletic Þelds, and other green spaces throughout the cool-humid regions of North America. Field plots were maintained at a cutting height of 5 cm by mowing twice weekly and were fertilized at an annual rate of 150 kg N/ha applied in three applications of granular urea (0.45, 0.45, and 0.68 kg N in mid-May, mid-September, and early November, respectively). Three circular turf and soil plugs (10.8 cm diameter by 10.2 cm deep) were extracted from each plot for a total of 12 plugs of each cultivar. Plugs were taken to the greenhouse where they were trans-planted into plastic pots (14 cm diameter by 18 cm deep) containing a sterilized sandy loam soil and arranged on the bench in a randomized complete block design that maintained the integrity of the Þeld plot design (i.e., four replicates with three pots of each cultivar per replicate). The greenhouse was equipped with supplemental overhead lighting set at 14:10 (D:N) and an automatic overhead irrigation system set to deliver 5 cm of irrigation water every other day. Plants were cut weekly to a height of 7.0 cm and fertilized weekly at a rate of 2.5 kg N/ha/yr using a liquid urea solution. Maintenance regimens were selected to closely simulate normal Þeld operations.
Endophyte Infection and Alkaloid Production. After 6 wk in the greenhouse, tiller samples were collected from each cultivar to assess endophyte infection levels. Eight tillers were cut from each pot at soil level, and tillers from each replicate of the same cultivar were pooled to form a composite sample (n ϭ 24). Pooling was deemed necessary to avoid denuding the pots. Tillers were wrapped in moist paper toweling, placed in labeled plastic bags, transported to the laboratory in a cooler containing freezer packs, and placed in a refrigerator overnight. Next day, crosssections (Ϸ3 mm) were cut from the basal portion of the pseudostems of each tiller sample, and endophyte infection was assessed using a Phytoscreen Þeld tiller immunoblot kit (Agrinostics, Watkinsville, GA). Endophyte infection was calculated based on the percentage of infected tillers in each pooled 24 tiller sample with a total of four replicates for each cultivar (n ϭ 96). Endophyte infection levels in the greenhouse pots were not manipulated and reßected the naturally occurring levels of endophyte infection present in the Þeld plots from which the greenhouse pots were established. In cultivars with Ͻ100% endophyte infection (DaVinci, Plantation, and Kentucky 31), uninfected plants were assumed to be randomly distributed throughout the stand.
Ergot alkaloid levels in each cultivar were quantiÞed by using the remaining tiller and leaf material collected for endophyte detection. Plant tissue samples were pooled by replicate (three pots or subsamples of each cultivar), lyophilized, and ground to pass through a 1-mm mesh using a Udy cyclone mill (model 3010 Ð 030; Udy, Ft. Collins, CO). Three 0.1-g subsamples from each pooled sample were examined for ergot alkaloids using quantitative ELISA (Phytoscreen PT; Agrinostics). Alkaloid concentrations were calculated using a third-order polynomial curve (r 2 ϭ 0.99) generated from alkaloid standards and detected using a microplate reader at a wavelength of 405 nm with a 490-nm reference wavelength. Alkaloid concentrations were converted to parts per billion (ppb) for statistical analysis.
Entomopathogenic Nematodes. Nematodes used in the study were obtained from a laboratory culture of S. carpocapsae (All strain) maintained in the Department of Entomology at Purdue University. The ÔAllÕ strain is a common, commercially available strain of S. carpocapsae. This nematodesÕ ambushing strategy and tendency to stay near the soil surface are presumed to be adaptive behaviors that make it an efÞcient parasite of mobile surface-dwelling insects like A. ipsilon. To maintain nematode vigor and infectivity, infective juveniles were cycled monthly in larvae of the greater wax moth, Galleria mellonella. Between cycles, infective juvenile nematodes were held at 10ЊC until used in experiments.
Insect Performance and Susceptibility to S. carpocapsae. Ten, second-instar black cutworm larvae (Benzon Research, Carlisle, PA) were conÞned on each greenhouse pot using Þne nylon mesh cages. Larvae were allowed to feed in the pots for 1 wk before the cages were removed, and larvae were collected from the pots by hand. Larvae recovered from each pot were returned to the laboratory where they were counted and weighed individually. Mean larval survival and biomass from each replicated set of three pots was reported for analysis.
Ten larvae from each replicated set of three pots (n ϭ 40) were placed individually into a 9-cm petri dish lined with moist Þlter paper (1 ml H 2 O/dish) and containing 20 infective juvenile S. carpocapsae. Larval mortality (%) in the petri dishes was recorded after 24, 48, and 72 h to provide adequate time for nematodeinduced mortality to occur (Forst et al. 1997) . To conÞrm nematode infection as the cause of death, all dead larvae were placed on Whites traps (White 1927) and held at 22Њ for 14 d. The presence of newly emerged infective juvenile nematodes was positive conÞrmation of nematode induced mortality and original mortality measurements were adjusted accordingly to provide an accurate measure of nematodeinduced larval mortality.
Statistical Analysis. Variation in endophyte infection levels in the four cultivars was examined using analysis of variance (ANOVA), whereas variation in plant alkaloid content was examined using analysis of covariance (ANCOVA) with endophyte infection level serving as the covariate. Variation in black cutworm survival and biomass in greenhouse pots was examined using ANCOVA with both endophyte infection level and plant alkaloid content serving as covariates. Post hoc comparisons between cultivars were made using TukeyÕs honestly signiÞcant difference (HSD; ␣ ϭ 0.05). Variation in nematode-induced black cutworm mortality was examined using multivariate ANCOVA with mean larval biomass, endophyte infection level and ergot alkaloid content all serving as covariates. Response variables included cu-mulative nematode-induced mortality at 24, 48, and 72 h after exposure and between-cultivar comparisons at each time interval were again made using TukeyÕs HSD (␣ ϭ 0.05). In all cases, when ANCOVA was used, a homogeneity of slopes model was Þrst used to test for interactions between the categorical variable cultivar and each respective covariate. When a significant interaction was observed, a separated slopes model was used to examine the inßuence of the respective covariates on the dependent variables within each cultivar (within effects). When no signiÞcant interaction was observed, a standard ANCOVA model was used to examine the inßuence of cultivar on the dependent variables while controlling for the different covariates (between effects). When none of the covariates were signiÞcant (␣ ϭ 0.05), results of the main effects model were reported. Percent endophyte infection and percent survival data in greenhouse pots, as well as cumulative percent mortality data in the nematode exposure experiment, were arcsine square-root transformed to meet assumptions of the respective analyses. All statistical analyses were performed using Statistica 7.1 (StafSoft, Tulsa, OK).
Results
Endophyte Infection. Endophyte infection levels varied signiÞcantly between tall fescue cultivars (F ϭ 12.7; df ϭ 3,12; P ϭ 0.0005; Fig. 1a) . Endophyte infection in the cultivar Ôsecond MillenniumÕ was 100% but was not signiÞcantly different from ÔDaVinciÕ at 93.8 Ϯ 6.3% (SE) endophyte infection (Fig. 1a) . Both Ôsecond MillenniumÕ and ÔDaVinciÕ had signiÞcantly higher endophyte infection levels than either ÔPlantationÕ or ÔKentucky 31Õ, which had similar infection levels of 44.0 Ϯ 14.8 and 31.5 Ϯ 10.9%, respectively. Although infection levels reported herein were based on viable fungus detected in grass pseudostems, endophyte infection levels in Ôsecond MillenniumÕ, ÔDaVinciÕ, and ÔPlantationÕ were within 10% of levels previously reported by Mohr et al. (2002) in seed (92, 84, and 52% for Ôsecond MillenniumÕ, ÔDaVinciÕ, and ÔPlantationÕ, respectively). Infection levels in ÔKentucky 31Ј were somewhat lower than the 66% infection level reported by Mohr et al. (2002) .
Ergot Alkaloids. Ergot alkaloid levels also varied signiÞcantly between cultivars (F ϭ 25.4; df ϭ 3,12; P Ͻ 0.0001; Fig. 1b ), but the relationship between endophyte infection level and ergot alkaloid concentration did not vary within (F ϭ 0.7; df ϭ 3,8; P ϭ 0.6) or between cultivars (F ϭ 0.4; df ϭ 1,11; P ϭ 0.6). Although Ôsecond MillenniumÕ and ÔDaVinciÕ contained similarly high levels of endophyte infection, ergot alkaloid concentrations in above-ground tissue from Ôsecond MillenniumÕ (37.1 Ϯ 2.4 ppb) were almost twice as high as those observed in ÔDaVinciÕ (19.2 Ϯ 4.7 ppb; Fig. 1b) . Ergot alkaloid concentrations in ÔDa-VinciÕ were signiÞcantly higher than those observed in either ÔPlantationÕ (4.7 Ϯ 3.4 ppb) or ÔKentucky 31Õ (2.3 Ϯ 0.8 ppb), both of which contained similar concentrations of ergot alkaloids.
Insect Performance. Black cutworm survival in greenhouse pots varied with tall fescue cultivar (F ϭ 6.2; df ϭ 3,12; P ϭ 0.008; Fig. 1c ), but the relationship between survival and endophyte infection level did not vary within (F ϭ 2.0; df ϭ 3,8; P ϭ 0.2) or between cultivars (F ϭ 1.8; df ϭ 1,10; P ϭ 0.08). Similarly, the relationship between survival and ergot alkaloid concentration did not vary within (F ϭ 1.8; df ϭ 3,8; P ϭ 0.2) or between cultivars (F ϭ 2.9; df ϭ 1,11; P ϭ 0.1). Black cutworm survival in the greenhouse was highest in pots of ÔDaVinciÕ (mean Ϯ SE ϭ 46.7 Ϯ 5.8%), but survival on Ôsecond MillenniumÕ (43.3 Ϯ 2.2%) and ÔPlantationÕ (39.1 Ϯ 2.0%) was only slightly lower. Larval survival on ÔKentucky 31Õ (30.1 Ϯ 3.8%) was signiÞcantly lower than survival on ÔDaVinciÕ but was only slightly lower than survival on Ôsecond MillenniumÕ and ÔPlantation.Õ Black cutworm biomass did not vary with tall fescue cultivar (F ϭ 0.7; df ϭ 3,12; P ϭ 0.6), and the relationship between cutworm biomass and endophyte infection level did not vary within (F ϭ 2.0; df ϭ 3,8; P ϭ 0.2) or between cultivars (F ϭ 0.2; df ϭ 1,11; P ϭ 0.5). Likewise, the relationship between cutworm biomass and ergot alkaloid concentrations did not vary within (F ϭ 1.8; df ϭ 3,8; P ϭ 0.2) or between cultivars (F ϭ 0.6; df ϭ 1,11; P ϭ 0.4).
Insect Susceptibility to S. carpocapsae. Although no nematode-induced black cutworm larval mortality was observed at 24 h after exposure to the nematode, larval mortality ranged from 0 to 18.8% at 48 h after exposure and from 15.9 to 46.2% at 72 h after exposure. Cumulative nematode-induced larval mortality at 48 h varied signiÞcantly with tall fescue cultivar (F ϭ 4.0; df ϭ 3,12; P ϭ 0.03; Fig. 2a ), but cumulative mortality at 48 h did not vary signiÞcantly with larval biomass, endophyte infections level, or ergot alkaloid concentrations either within (F Յ 2.0, df ϭ 3,8; P Ն 0.2) or between cultivars (F Յ 2.4, df ϭ 1,11; P Ն 0.3). Larvae feeding on ÔKentucky 31Õ were signiÞcantly more susceptible to nematode infection than larvae feeding on Ôsecond MillenniumÕ, whereas larvae feeding on ÔDa-VinciÕ and ÔPlantationÕ were equally susceptible. Nematode-induced mortality of larvae feeding on ÔDaVinciÕ and ÔPlantationÕ did not differ signiÞcantly from those feeding on ÔKentukcy 31Õ or second MillenniumÕ at 48 h after exposure.
Cumulative nematode-induced mortality at 72 h after exposure also varied between cultivars (F ϭ 11.6; df ϭ 3,8; P ϭ 0.003; Fig. 2b ), but the relationship between mortality and ergot alkaloid concentration varied within cultivar (cultivar ϫ ergot alkaloid: F ϭ 5.6; df ϭ 3,8; P ϭ 0.02). In all but one cultivar (Plantation), cumulative mortality at 72 h decreased significantly as ergot alkaloid concentrations increased (Table 1) . Cumulative mortality at 72 h did not vary signiÞcantly with larval biomass or endophyte infection level either within (F Յ 2.4, df ϭ 3,8; P Ն 0.1) or between cultivars (F Յ 2.7, df ϭ 1,11; P Ն 0.1). Nematode-induced mortality was signiÞcantly higher in larvae feeding on ÔKentucky 31Õ compared with all other cultivars, but there was no signiÞcant difference in nematode-induced larval mortality between Ôsec-ond MillenniumÕ, ÔDaVinciÕ, and ÔPlantationÕ at 72 h after exposure.
Discussion
In this study, variability in endophyteÐ grass associations was distinguishable across several trophic levels. Although endophyte infection level varied with tall fescue cultivar, ergot alkaloid concentrations in plant tissue did not necessarily reßect these differences. This Þnding was not surprising because variability in grass ϫ endophyte combinations often results in different types and concentrations of alkaloids being expressed by endophyte-infected plants (Roylance et al. 1994) . Despite the potential dilution of alkaloids resulting from as much as a 69% difference in endophyte infection levels across the cultivars used in this study, as much as a 50% difference in ergot alkaloid levels was observed between cultivars with similar levels of endophyte infection (Ôsecond MilleniumÕ versus ÔDaVinciÕ). Other studies have clearly shown that overall concentrations of endophyte-mediated alkaloids can vary signiÞcantly with plant genotype (Rowan and Latch 1994 , Roylance et al. 1994 , Hiatt and Hill 1997 . Furthermore, the spectrum of alkaloids produced by endophyte-infected plants is largely a function of endophyte strain (Lane et al. 2000) . The source and agronomic history of the common endophyte strains found in the turfgrass cultivars used in this study are not known and are likely very diverse. For these reasons, variability in the relationship between endophyte infection level and ergot alkaloid production observed in this study was not surprising and is probably typical of the kind of variability inherent among endophyte infected turf-type tall fescue varieties. Variability in the hostÐ endophyte relationship has also been examined in the context of insect performance (Jensen and Popay 2004 , Ball et al. 2006 , Popay and Gerard 2007 . Studies have shown that insect performance can vary with plant genotype and endophyte haplotype. However, before this study, the potential effect of such variability on black cutworm larvae has not been explicitly examined with Neotyphodium endophytes. In this study, black cutworm survival in the greenhouse varied with tall fescue cultivar, again supporting the Þndings of related studies with other insect species. However, black cutworm survival did not seem to be closely related to either endophyte infection level or ergot alkaloid concentrations in the tall fescue cultivars. A previous study with black cutworm clearly showed the capacity of this insect to tolerate endophyte-mediated defenses (Williamson and Potter 1997) . Development of black cutworm larvae was apparently unhindered by the defensive alkaloids in endophyte infected perennial ryegrass (Williamson and Potter 1997) . Furthermore, Potter et al. (2008) showed that ergot alkaloids were likely not the primary means by which endophyte infected grasses might resist black cutworm herbivory. Instead, inherent genetic differences between cultivars (Richmond et al. 2000) or species (Richmond and Shetlar 2001) may be overriding determinants of insect resistance regardless of endophyte infection. Differences in carbohydrate, protein, and lignin content are among many nutritional and physiological factors that may vary between grass cultivars (Newman et al. 2003) , and not surprisingly, these factors may significantly impact the digestibility and nutritional quality of plant material for insect herbivores (Newman et al. 2003) . Endophyte infection alone can also alter biochemical pathways that are unrelated to alkaloid production, potentially resulting in multiple effects on plant biochemical and nutritional properties (Rasmussen et al. 2007) .
Although this study focused on ergot alkaloid production caused by the implicit ability of these alkaloids to mediate interactions between black cutworm and the nematode S. carpocapsae , levels of at least two additional classes of alkaloids that are commonly associated with Neotyphodium-infected tall fescue were not examined. Loline alkaloids (Bush et al. 1993 ) and the pyrrolopyrazine alkaloid peramine have both been associated with endophyte-infected tall fescue, and because alkaloid production does not necessarily increase linearly with endophyte infection, it is possible that one or more of these alkaloids may have played a role in modifying the performance of black cutworms feeding on the different cultivars. SigniÞcant research efforts will be needed to determine how these plant/endophyte factors combine to inßuence black cutworm performance on tall fescue. Such efforts will be important if endophyte-enhanced tall fescues are to be integrated into sustainable urban landscape designs.
The ability of Neotyphodium endophytes to mediate interactions between herbivores and their natural enemies has been well documented. Neotyphodium endophytes may inßuence interactions directly, through altering the physiological status of the herbivore (Popay and Rowan 1994 , Grewal et al. 1995 , Barker and Addison 1996 , Kunkel and Grewal 2003 , Richmond et al. 2004 or indirectly through altering herbivore behavior (Gerard 2000 , Richmond 2007 ). In both cases, theoretical consequences for natural enemies may be either positive or negative. Endophytemediated effects on herbivore behavior may increase (Richmond 2007) or decrease (Gerard 2000) susceptibility to natural enemies by inßuencing defensive, feeding, or foraging behaviors. For instance, behaviorally responsive sod webworm species the were more susceptible to the entomopathogenic nematodes S. carpocapsae because of increased movement in search of a suitable host plant (Richmond 2007) . Alternatively, insect herbivores that are physiologically tolerant of endophyte-mediated defensive compounds tend to be either less susceptible to natural enemies Grewal 2003, Richmond et al. 2004) , or when attacked, exact a cost on the natural enemy in terms of its reproductive success or Þtness Addison 1996, Rodstrom et al. 2007 ). The hymenopteran parasitoid Microctonus hyperodae Loan of the Argentine stem weevil Listronotus bonariensis Kuschel suffered serious developmental problems when its insect host was feeding on endophyte-infected perennial ryegrass (Barker and Addison 1996) . However, larvae of the Japanese beetle Popillia japonica Newman feeding on diet containing endophyte-mediated alkaloids were more susceptible to the entomopathogneic nematode Heterorhabditis bacteriophora (Grewal et al. 1995) , indicating that natural enemies may also beneÞt from the weakened physiological state (Clancy and Price 1987) or prolongation of development (Breen 1994 , Popay and Rowan 1994 , Faeth and Bultman 2002 , resulting from their host/ prey ingesting plant defensive compounds.
In this study, black cutworm susceptibility to the parasitic nematode varied between tall fescue cultivars. However, neither endophyte infection level nor larval biomass accounted for any signiÞcant variation in larval susceptibility to S. carpocapsae. Instead, larval susceptibility to the nematode generally decreased as ergot alkaloid levels in the tall fescue plants increased. In a related study by Kunkel and Grewal (2003) , black cutworms feeding on endophyte-infected perennial ryegrass were also less susceptible to the entomopathogenic nematode S. carpocapsae and endophyte-originated ergot alkaloids found in the hemolymph of larvae feeding on endophyte-infected plants reduced the growth and pathogenicity of S. carpocapsae's lethal bacterial symbiont Xenorhabdus nematophila in culture . When X. nematophila was injected into larvae of the fall armyworm, Spodoptera frugiperda, larvae feeding on endophyte free perennial ryegrass suffered greater mortality than those feeding on endophyte infected perennial ryegrass (Richmond et al. 2004) . In a homologous system, tobacco hornworms Manduca sexta L. feeding on artiÞcial diet containing the plant alkaloid nicotine were less susceptible to Bacillus thuringiensis variety kurstaki (Krischik et al. 1988 ). The authors hypothesized that specialist herbivores capable of tolerating high concentrations of allelochemicals may gain protection from pathogens by consuming these toxins. Although black cutworm is a generalist herbivore, its ability to use alkaloid-laden food plants has been previously shown (Williamson and Potter 1997, Richmond and Shetlar 2001) . Current Þndings support the assertion that black cutworm may beneÞt from certain ergot alkaloids present in endophyte infected plants by using them as a form of acquired defense against entomopathogenic nematodes. The potential role of endophyte-mediated alkaloids in protecting black cutworm from other natural enemies remains to be examined.
Results of this study showed that variation in endophyteÐplant associations may be reßected in herbivore performance and the performance of organisms that use herbivores as a resource. This Þnding implies that the variability inherent to NeotyphodiumÐ grass systems could partially be driven by interactions between organisms occupying various trophic levels (Faeth and Saikkonen 2007) . However, research in natural systems that have not experienced the pressures of agronomic selection should be conducted to further address this hypothesis. Results of this study may also imply a relatively high level of physiological adaptation by black cutworm to endophyte-mediated toxins present in several commercially available endophyte-infected tall fescue turfgrass varieties and that susceptibility to the nematode S. carpocapsae may be tied to ergot alkaloid levels in the insectsÕ food. However, further research to conÞrm a molecular or physiological mechanism for adaptation to endophyte-mediated defenses is still needed.
